Firefly luciferase (FLuc), an ATP-dependent bioluminescent reporter enzyme, is broadly used in chemical biology and drug discovery assays. PTC124 (Ataluren; (3-[5-(2-fluorophenyl)-1,2,4-oxadiazol-3-yl] benzoic acid) discovered in an FLuc-based assay targeting nonsense codon suppression, is an unusually potent FLuc-inhibitor. Paradoxically, PTC124 and related analogs increase cellular FLuc activity levels by posttranslational stabilization. In this study, we show that FLuc inhibition and stabilization is the result of an inhibitory product formed during the FLuc-catalyzed reaction between its natural substrate, ATP, and PTC124. A 2.0 Å cocrystal structure revealed the inhibitor to be the acyl-AMP mixed-anhydride adduct PTC124-AMP, which was subsequently synthesized and shown to be a highaffinity multisubstrate adduct inhibitor (MAI; K D ¼ 120 pM) of FLuc. Biochemical assays, liquid chromatography/mass spectrometry, and near-attack conformer modeling demonstrate that formation of this novel MAI is absolutely dependent upon the precise positioning and reactivity of a key meta-carboxylate of PTC124 within the FLuc active site. We also demonstrate that the inhibitory activity of PTC124-AMP is relieved by free coenzyme A, a component present at high concentrations in luciferase detection reagents used for cell-based assays. This explains why PTC124 can appear to increase, instead of inhibit, FLuc activity in cell-based reporter gene assays. To our knowledge, this is an unusual example in which the "off-target" effect of a small molecule is mediated by an MAI mechanism.
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Ataluren | multisubstrate adduct inhibitor | protein stability | reporter gene assay | X-ray crystallography F irefly luciferase from Photinus pyralis (FLuc) is an ATP-dependent luciferase widely used as a reporter enzyme for cell-based gene expression assays, principally due to the high sensitivity and large dynamic range bioluminescence affords (1, 2) . However, as an enzyme that catalyzes the bimolecular reaction between two small molecule substrates, D-luciferin and ATP, it is prone to inhibition by a variety of low-molecular-weight heterocyclic compounds typically found in screening collections (3, 4) . Expressed intracellularly as a reporter, the FLuc enzyme has a short protein half-life (t 1∕2 ∼ 3-4 h) relative to other reporters (5, 6) . Although ideal for following dynamic responses in cell-based assays, reporter instability can be offset by ligand-induced stabilization. Stabilization of FLuc by compounds acting as inhibitors can lead to a relative increase in enzyme levels (compared to untreated basal levels) and correspondingly increased FLuc activity-a counterintuitive result for compounds characterized as FLuc inhibitors (5) (6) (7) (8) .
We have previously shown that PTC124, a compound with putative nonsense codon suppression activity (9) (Ataluren; 1, Table 1 ), and related 3,5-diaryl oxadiazoles, are FLuc inhibitors that stabilize the enzyme intracellularly, leading to a transcriptional-and translational-independent increase in the observed enzyme activity over basal levels (7, 8) . Past efforts to profile the National Institutes of Health Molecular Libraries Small Molecule Repository for compounds that inhibit FLuc originally identified MLS000062114 (2; PubChem Chemical Identifier: 2876651, Table 1 )-a molecule equivalent to the des-carboxylate analog of PTC124-as a FLuc inhibitor (3). Although 2 showed low micromolar potency in our profile study (3, 8) , we observed that introduction of an m-carboxylate at R 2 (i.e., PTC124; 1) resulted in a significantly more potent FLuc inhibitor (IC 50 ∼ 10 nM) (8) . Paradoxically, we also found that PTC124 caused an activation response in FLuc cell-based reporter gene assays, including those expressing FLuc from a wild-type luc þ gene, with typical compound incubation times (16-24 h) indicative of potent enzyme stabilization (8) by PTC124.
Ligand-receptor affinity arises from alignment of shape and electrostatic features between receptor and ligand (10) . On rare occasions, the unique arrangement of these elements can lead to enzymatically assisted formation of an even higher affinity multisubstrate adduct inhibitor (MAI). By combining components of both substrates into a single molecule, the resulting conjugate gains a large entropic advantage, and its affinity can often be estimated by the product of the substrate K D s (11). The ligation of two substrates with micromolar affinity can thus result in an MAI with potency in the subnanomolar range (12) . In recent years, this principle has been used in the domain of fragment-based ligand design (13) . Although the majority of MAIs described in the literature have been prepared synthetically (14) , precedence exists for MAI generation by the target enzyme itself (15, 16) . A FLucgenerated MAI-the mixed-anhydride dehydroluciferyl-AMP (L-AMP)-is naturally formed by the oxidation of luciferyl-AMP (LH 2 -AMP), an intermediate in the conversion of D-luciferin to oxyluciferin (17, 18) (Fig. 1A and Fig. S1A ). The L-AMP MAI acts as a potent inhibitor of FLuc, with an IC 50 ¼ 6 nM (K D ¼ 500 pM) (17) . The enzyme-catalyzed production of an MAI from PTC124 and ATP could explain the exceptional affinity of PTC124 against FLuc in both enzyme and cell-based assays.
With this study, we describe the mechanism of formation, highaffinity binding, and stabilization of FLuc by PTC124. The X-ray cocrystal structure of FLuc bound to PTC124 and the substrate ATP revealed the presence of an enzyme-bound PTC124-AMP mixed-anhydride (6) analogous to the L-AMP intermediate in the FLuc catalytic reaction. PTC124 binds to the luciferin pocket allowing reaction of the m-carboxylate of PTC124 with ATP yielding the mixed-anhydride PTC124-AMP-an MAI. Using a series of 3,5-diaryl oxadiazole analogs containing nonreactive carboxyl biosteres, we demonstrate that formation of the MAI critically depends on the aryl m-carboxylate moiety of PTC124. The MAI mechanism for PTC124 was not anticipated because classical MAIs are based on substrate analogs (19) and the 3,5-diaryl oxadiazole core is not a luciferin analog. This represents a unique example in which a synthetic compound mediates an off-target effect by an MAI mechanism. Further, and seemingly contradictory, is the ability of the apparent MAI-bound FLuc reporter activity to be fully measured in bioluminescent endpoint assays. This is possible because the MAI bound to FLuc is sensitive to FLuc-mediated thiolysis by free coenzyme A (CoASH), a component of most FLuc detection reagents. The findings presented here provide essential guidance for the use of luciferase assays in chemical biology and drug discovery efforts, while more specifically identifying the mechanism of action of PTC124 in FLuc cell-based assays.
Results
Crystal Structures. The structure of an apo form of luciferase [Luc: apo; Protein Data Bank (PDB): 3IEP] was determined to 2.1-Å resolution by molecular replacement (see Methods, Table S1 , and Fig. S2 ). Apo crystals were soaked in the presence of PTC124 (1, Table 1 ) and ATP and the resulting cocrystal structure (PDB: 3IES) electron density maps were examined for ligand binding. Surprisingly, clear density was observed for an adduct of AMP with PTC124 (PTC124-AMP; 6, Table 1 and Fig. 1A and B), apparently resulting from nucleophilic displacement of pyrophosphate from ATP by the m-carboxylate of PTC124 (Fig. S1B) . The AMP portion of 6 forms hydrogen bonds with luciferase residues (Fig. 1C) and the diaryl oxadiazole group is positioned in a hydrophobic pocket near Ala 348 and Ile 351 and shows aromatic stacking with Phe 247 ( Fig. 2A and B) . Therefore, PTC124-AMP fully occupies the active site of FLuc (Fig. 1D) . The PTC124-AMP structure was found to make critical H bonds with several invariant residues including Asp 422, which is within H-bonding distance to the 2 0 -OH of the ribose ring ( Fig. 2A and B) (20) .
The binding mode of this inhibitor is similar to that observed for ligand-bound Japanese firefly (Luciola cruciata) luciferase (LcrLuc) (21) . Alignment of our FLuc cocrystal structure and the structure of LcrLuc cocrystallized with the L-AMP analog
adenosine (DLSA) (PDB: 2D1S) (21, 22) shows that PTC124-AMP binds with the 3,5-diaryl oxadiazole within the luciferin pocket with the m-carboxylate specifically located to form the mixed anhydride with AMP ( Fig. 3A and B) in a manner that is isostructural with DLSA ( Fig. 2C and Fig. S3A ). The planar nature of the 3,5-diaryl oxadiazole provides for an orientation in the active site similar to the natural substrate D luciferin and positions the carboxylate to fulfill a rare case of enzyme inhibition wherein the enzyme catalyzes the formation of its own inhibitor. Remarkably, PTC124-AMP represents a structural mimicry of the luciferyl-AMP intermediate (LH 2 -AMP; Fig. 1A and Fig. S1A ) that gives rise to luminescence via dioxetanone formation, and to formation of the naturally occurring potent inhibitor of the enzyme, L-AMP via a side reaction (18) (Fig. 1A and Fig. S1A ).
The structure of FLuc:PTC124-AMP is quite similar overall to the apo structure with an overall rmsd of 0.60 Å between Cα atoms (Fig. S3B ). The largest structural difference is present in the loop between Ser 314 and Leu 319, which moves to accommodate ligand binding (Fig. 2D ). This loop shows well-defined electron density in the ligand-bound form and has a similar conformation to the homologous loop of LcrLuc bound to DLSA.
Solution Formation of the MAI by FLuc. Liquid chromatography/ mass spectrometry (LC-MS) was used to confirm the FLucdependent synthesis of PTC124-AMP in solution. Incubation of PTC124 and ATP alone did not yield any mass corresponding 
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to PTC124-AMP, with only the parent compound peak of PTC124 observed (Fig. S4A) . Addition of FLuc to the same sample resulted in loss of the parent compound peak and appearance of the PTC124-AMP mass (Fig. S4A) . Additionally, the yield of PTC124-AMP obtained could be titrated by varying the FLuc concentration ( Fig. S4B) . The lack of reaction in the absence of FLuc is expected due to the unfavorable energetics required for the negatively charged carboxylate group to come into van der Waals contact with the triphosphate moiety of ATP, as well as the necessary desolvation of the carboxylate water shell. However, in the active site of the enzyme, the correct "near-attack conformers" (NACs) of the reactants are brought within van der Waals distance allowing bond formation, presumably via S N 2 displacement (Fig. 3A) (23) .
Meta-Carboxylate Provides the Optimal NAC. To further understand the reactivity of the m-carboxylate, we modeled the ortho-, meta-, and para-carboxylate regioisomers of PTC124 (i.e., compounds 10, 1, and 7, respectively) into the crystal structure (Fig. 3B) . This showed that reaction with ATP requires the p-isomer (7) to rotate approximately 20°in-plane away from the position in which m-isomer (1) binds (Fig. 3B) . This is somewhat unfavorable energetically, as indicated by the decreased potency of p-isomer (7) as an inhibitor (Table 1) . However, formation of the MAI from o-PTC124 (10) would require complete rotation out of the luciferin binding pocket, suggesting that this NAC could not be achieved in the FLuc active site (Fig. 3B, 10, and Fig. S3C ). Consistent with these models, using equivalent incubation times (∼10 min) and high FLuc concentrations (20 μM), we were able to detect the presence of p-PTC124-AMP at an intermediate level upon incubation of 7 with FLuc and ATP ( Fig. 3C and D) . However, when we incubated 10 with FLuc and ATP under the same conditions, we did not observe any conversion and no product corresponding to o-PTC124-AMP was observed ( Fig. 3C and D) .
Potency Depends on the Aryl m-Carboxylate. To further investigate the effect of the m-carboxylate on potency, we synthesized several carboxylate R 2 regioisomers and nonreactive analogs (Table 1) and determined their IC 50 s against purified FLuc using ½S ∼ K M (e.g., both ATP and D-luciferin were at concentrations near their K M s so that the observed IC 50 approximated the true inhibitor affinity, K I ). Varying the meta substituent to either an amide (3) or the tetrazole (4) carboxylate biostere resulted in >100-fold loss in potency against the enzyme ( Table 1) . The des-carboxylate analog of PTC124 (2) demonstrated 80-fold lower potency, suggesting that meta substitution can add little toward the binding energy in the absence of adduct formation. Significantly, the potency of the synthetic PTC124-AMP (6) was approximately the same as that determined with PTC124 in the presence of ATP and FLuc, consistent with solution formation of adduct. Additionally, we measured the competition of synthetically prepared LH 2 -AMP from FLuc by PTC124-AMP and PTC124 (in the absence of ATP). From these data, we were able to estimate a K D ¼ 120 AE 30 pM for PTC124-AMP and 1.4 AE 0.4 μM for PTC124 using the method described by Rhodes and McElroy (Fig. S5) (17) . Therefore, the K D of PTC124 for FLuc improves by ∼10; 000-fold upon acyl-phosphoryl anhydride MAI formation.
We previously noted a decrease in potency for p-carboxylate analogs (8), which is confirmed here. In agreement with this series being less competent to form the PTC124-AMP MAI, we observed smaller shifts in potency between p-carboxylate and nonreactive derivatives. Changing the p-carboxylate substituent to either an amide (8) or tetrazole (9) resulted in potency shifts of ∼10-fold (Table 1) , significantly less than those observed between the m-carboxylate analogs (1, 3, and 4) . Again in line with our previously determined pharmacological correlation between potency in the FLuc enzyme assay and the cell-based FLuc nonsense codon suppression assay (8), both PTC124 (1) and the m-chloro analog (5) demonstrated potent (<100 nM) activity in either assay, while the p-carboxylate analog of PTC124 (7) demonstrated weak (μM) potency in these assays. As well, (1) provides an optimal NAC as the 3,5-diaryl oxadiazole is optimally positioned within the luciferin binding pocket. However, the p-carboxylate analog (7), must rotate by ∼20°within the constraints of a productive NAC model to be able to form a NAC and react with ATP. For the o-carboxylate analog (10) we found that ortho-carboxylate analogs (10 and 11) demonstrated the greatest reduction in potency in both assays (Table 1) .
In an effort to further investigate the potency differences between the meta-and para-carboxylate analogs, we prepared stable analogs of the meta-and para-adducts (12 and 13; Table 1 ). These were prepared as acylsulfamide derivatives, so as to limit any possibility of hydrolysis influencing the potency measurement. We found that both stable adducts (12 and 13) showed potent inhibition similar to anhydride 6 (Table 1) . Further, when we preincubated the p-carboxylate analog (7) or PTC124 with ATP and FLuc (10 nM) in the enzyme assay, we observed no time-dependent increase in inhibition by either compound (IC 50 ¼ 4 AE 3 nM without preincubation and 4 AE 0.6 nM with a 24 h preincubation for PTC124; for 7, IC 50 ¼ 1.1 AE 0.3 μM and 3.8 AE 0.3 μM for the respective conditions). Therefore, under these enzymological conditions (i.e., low FLuc concentrations), formation of p-PTC124-AMP is kinetically unfavorable. Thus, given the near equal inhibition potencies for the premade adduct analogs (6, 12, and 13) we conclude that the much weaker inhibition potency observed for 7 is due to a kinetic effect. This is further supported by the NAC models, with the potency governed by the rates of formation and breakdown of the adduct.
FLuc Thermal Stabilization Parallels Inhibitor Potency. To further probe the interaction of FLuc with PTC124 and its analogs, we used a fluorescence-based thermal denaturation assay designed to assess the stabilization of proteins by small molecules (24) . The melting curves for FLuc in the presence of varying concentrations of PTC124 showed a maximum ΔT m ¼ 8°C (at 200 μM concentration), whereas inclusion of 2 mM ATP in the buffer significantly enhanced this by 4.6°C (Fig. S6) . Overall, the ΔT m shifts of FLuc in the presence of compound correlated well with the potency of the compound against the enzyme. The most dramatic enhancement in FLuc stabilization occurred in the presence of either PTC124 or an analog in which the m-carboxylate was preserved (ΔT m ¼ 12-13°C in the presence of ATP; Fig. 4A; 1 and 5) . This was followed closely by the p-carboxylate analog of PTC124 (7). On the other hand, the m-substituted analogs containing moieties incapable of adduct formation, such as the m-amide (3) or m-tetrazole (4) displayed much lower ΔT m enhancements in the presence of ATP. Not surprisingly, the lowest ΔT m values were obtained for the o-carboxylate (10) and o-amide (11) analogs. Significantly, we also found a very large enhancement in thermal stability of FLuc in the presence of synthetically prepared PTC124-AMP (6), which showed a ΔT m ¼ 28°C (Fig. 4B and Fig. S6C and D) . The large ΔT m observed for synthetically prepared PTC124-AMP lends further support to the MAI stabilization hypothesis.
MAI Formation Explains FLuc Cell-Based Activity. To examine if PTC124 and analogs increased luciferase enzyme activity in cells in a manner consistent with protein stabilization by MAI formation, compounds were tested in a cell-based assay similar to that used to discover PTC124 (referred to here as the FLuc UGA assay) (9) . This assay employs cells expressing FLuc from a cDNA with a nonsense mutation at codon 190 of the FLuc gene (pFLuc190 UGA ) (8) . Although a nonsense mutation in the coding region is present in the FLuc mRNA produced in these cells, preventing efficient translation of full-length protein, there is still an extremely low, but detectable, basal level of FLuc activity due to sporadic translational readthrough of the nonsense mutation (25) . When cells expressing pFLuc190 UGA were treated with compound, we again found that PTC124 (1) showed the most potent activation, followed by the p-and o-carboxylate analogs (7 and 10), respectively, which follows the same trend established by thermal denaturation experiments and enzyme inhibition data (Fig. 4C and Fig. S7A) . Efficacy in the cell-based assay was similar for both the m-and p-carboxylate analogs (1 and 7; FLuc UGA % activation in Table 1 ; and Fig. S7A ) suggesting that intracellulary, a stabilized enzyme-inhibitor complex is also formed with these compounds, although the concentration at which this is achieved varies. However, the o-carboxylate (10), which is not predicted to form the MAI, demonstrates significantly reduced activation in the cell-based assay (Table 1) with only partial concentration-response curves (CRCs) (Fig. S7A) . Shifts in cell-based activation for regioisomers and analogs correlated well with enzymatic inhibitory potency (Fig. 4D) , as an example, both the p-carboxylate (7) and the m-tetrazole (4) analogs displayed reduced potency in both assays (∼100-fold less potent). Further, as expected from the NAC analysis, the potency of the o-carboxylate (10) and o-amide (11) were relatively weak in both the enzyme and cell-based assays. The only inconsistency seen between the cell-based and biochemical assay was for the des-carboxylate analog (2), which, though still supporting the critical nature of the m-carboxylate, displayed weaker activity in the cell-based assay (EC 50 ∼ 10 μM) than in the purified FLuc enzyme assay (IC 50 ∼ 1 μM; Table 1 ). This might reflect poor cell-permeability of the compound due to serum binding or poor solubility in the cell media, ultimately resulting in decreased potency for this compound in the cell-based assay. Overall, however, potency in the cell-based assay followed the order of reactivity of the compound in forming the MAI, that is, the carboxylate reactivity of meta > para ≫ ortho, as predicted by the FLuc cocrystal structure and corresponding NAC models for the active site of FLuc.
CoASH Effects on PTC124 Potency. CoASH has been shown to significantly reduce FLuc inhibition by the L-AMP MAI via an enzymatically catalyzed thiolytic reaction that converts L-AMP to L-CoA (see Fig. S1 ) (18) . CoASH is also a common constituent of detection reagents used for firefly luciferase assays, because it increases the bioluminescent signal through relief of L-AMP inhibition and thus provides more efficient use of the substrate D-luciferin (18) . As PTC124 forms a potent PTC124-AMP MAI, we sought to determine if addition of CoASH to the FLuc enzyme reaction would also relieve PTC124-AMP MAI inhibition, potentially via the same mechanism demonstrated for L-AMP-thiolytic conversion of PTC124-AMP to PTC124-CoA (Fig. S1) . We found this to be the case with addition of 500 μM CoASH (a concentration likely equal to what is typically used in commercial detection reagents for cell-based assays) to purified FLuc enzyme assays reducing the potency of PTC124 (1) by approximately 35-fold, on average ( Fig. S7B-E and Table S2 ). The potency of the p-carboxylate analog (7) was reduced to a lesser degree (∼10-fold), consistent with the reduced propensity for this analog to form the MAI. Consistent with thiolysis as the reason for reduced potency (versus a potential allosteric role for CoASH binding), we did not observe any shift in potency for the stable MAI analogs, 12 and 13, in the presence of CoASH (IC 50 remaining at 3 AE 1 nM in either condition; Fig. S7D and E and Table S2 ). Of note, addition of a higher concentration of cysteine (1 mM) did not affect the potency of PTC124 against FLuc (Fig. S7B and C) , indicating that the reaction with CoASH is specific, and cannot be generalized to simple reducing reagents or nucleophiles (18) .
Discussion
This study demonstrates that the molecular basis for high-affinity binding of PTC124 to FLuc arises from the enzyme-catalyzed formation of an MAI through a key m-carboxylate group. The cocrystal structure is similar to that reported for LcrLuc bound to DLSA, a stable sulfamoyl analog of oxidized luciferin and AMP (21) . The differential activity of 3,5-diaryl oxadiazole carboxylate regioisomers in FLuc cell-based assays can be explained by the crystal structure-supported NAC models. These models indicate that placement of the PTC124 carboxylate at the ortho or para position either prevents or impairs, respectively, alignment of the necessary functionalities needed for MAI formation. Experimentally, it was also found that FLuc-dependent formation of ortho-and para-carboxylate adducts was either nonexistent or proceeded with dramatically reduced efficiency. Further, the PTC124-AMP adduct formed either enzymatically, or by direct chemical synthesis, results in an inhibitor with nanomolar potency and high-affinity binding to FLuc (K D of ∼100 pM).
Enhancement of protein stability through ligand-induced conformational changes or modulation of folding pathway equilibria is well documented (26, 27) and can be reflected by increases in protein thermal stability. Thermal denaturation assays of FLuc in the presence of PTC124-AMP show a large ΔT m of nearly 30°C, significantly greater than the sum of the ΔT m values for PTC124 and ATP at the same concentration, suggesting that the formation of the adduct is essential for the observed increase in protein stability. Analogs containing nonreactive acid isosteres at the meta position (3) (4) (5) , and carboxylate-containing regioisomers at the ortho (10) or para (7) positions, also have significantly reduced thermal shifts, further indicating that FLuc protein stability is dependent on PTC124-AMP formation.
The apparent activity (or inactivity) of PTC124 in the cellbased assay depends on the assay protocol and the commercial detection reagent used (28, 29) . As mammalian cells lack D-luciferin, intracellular binding of PTC124 to FLuc occurs without competing endogenous ligands. Cellular ATP saturates the FLuc nucleotide binding site, thus facilitating PTC124-AMP formation, high-affinity binding, and both inhibition and stabilization of the enzyme. Detection of the associated increase in relative FLuc activity in cell-based assays can be readily achieved by washout of the inhibitor prior to detection, and/or addition of appropriate detection reagents containing excess substrates and cofactors (8, 9, 28, 29) .
Catalysis of the ATP-dependent oxidation of D-luciferin to oxyluciferin, AMP, CO 2 , and light involves an LH 2 -AMP intermediate that can be oxidized to form an L-AMP by-product, a potent FLuc inhibitor (17, 18) (Fig. S1 ). Commercially available FLuc detection reagents (e.g., BrightGlo, Promega) contain high levels of CoASH that relieve FLuc inhibition by L-AMP via thiolysis, thereby optimizing FLuc luminescence (30) . We show that addition of high micromolar concentrations of CoASH to the FLuc enzymatic assay significantly decreases the potency of PTC124 and m-carboxylate analogs. Conceivably, CoASH in detection reagents reacts with PTC124-AMP to create a PTC124-CoA adduct. The resulting shift in potency parallels that observed for the conversion of L-AMP (6 nM) to L-CoA (5 μM) (18) . The application of commercial detection mixes (which have relatively high concentrations of D-luciferin, ATP, and CoASH) will promote thiolysis and dissociation of the PTC124-AMP components from the enzyme, facilitating an interpretation of increased enzyme activity as apparent activation in the reporter gene assay.
It is not uncommon for a compound to demonstrate a higher potency when assayed against its isolated molecular target compared to that obtained for the target in a cellular context, as is seen for PTC124 (1), in which there is an ∼10-fold decrease in potency for the cell-based assay (Table 1 , compare IC 50 and EC 50 ). One possible explanation for this could be due to competition by intracellular substrates or cofactors. Intracellular ATP, for example, could compete directly with PTC124-AMP association. Additionally, intracellular CoASH may thiolytically react with FLuc-bound PTC124-AMP to form the less potent PTC124-CoA, which is expected to stabilize the enzyme only at higher compound concentrations. However, it is likely that in an intracellular environment lacking D-luciferin, and in which PTC124 and saturating concentrations of ATP are present, enzymatic reformation of the high-affinity MAI is favored. Therefore, the reduced potency observed in the FLuc UGA cell-based assay (∼nM) relative to the measured K D of the PTC124-AMP (∼pM) against FLuc, and the fact that the cell-based structure-activity relationships parallel the catalytic requirements of FLuc for MAI formation, support the notion that enzymatic rounds of PTC124-AMP hydrolysis/reformation may occur in cells, the extent of which is dependent on the cellular quantity and availability of CoASH.
The prevalence of compounds that cause the paradoxical inhibitor-based reporter stabilization in cell-based assays can be significant, reaching 20-60% of the actives selected from cell-based FLuc assays aimed at activation (7) . The counterintuitive nature of this phenomenon defies post hoc conventional wisdom and requires counterscreens designed to recognize compoundmediated reporter stabilization. One such example is a FLuc reporter system with attenuated expression (e.g., SV40 promoter) (31) . Our work highlights the importance of determining the potency of compounds active in cell-based FLuc assays against purified FLuc in the presence of defined concentrations of substrates (½S ∼ K m ) as opposed to using formulated detection reagents whose components can mask or alter inhibitory activity (7, 8, 28, 29) . Finally, reporters with mechanistically distinct modes of bioluminescence such as RLuc can be used in orthogo-nal assays to confirm that compound activity is not biased by choice of reporter (8) .
The original identification of PTC124 arose from a FLuc cellbased assay of nonsense codon suppression, suggesting an agent of nanomolar potency (9, 28) . Divergence of the structure-activity relationships associated with biochemical inhibition of FLuc and the cellular activation phenotype in FLuc-based nonsense codon suppression assays (FLuc UGA ) would argue for dual mechanisms of action for PTC124, supporting the existence of a cellular target mediating readthrough of premature termination codons. However, the dependence on the m-carboxylate functional group of PTC124 in the cell-based FLuc UGA assay was mirrored in the FLuc biochemical inhibition assay and thermal denaturation assay. The parallel nature of these responses is due to a rare and remarkable mechanism of enzyme inhibition-the formation of an MAI-and supports our previous observations that PTC124 activity is reporter dependent and nonsense codon independent, increasing the activity of both FLuc UGA and wild-type FLuc, in cell-based assays while demonstrating inactivity in a corresponding RLuc UGA assay (8) . Taken together, these results question the biological plausibility for a molecular target other than FLuc as the reason for increased cellular luciferase activity.
Methods
Crystallization of FLuc, X-Ray Data Collection, and Processing. All X-ray diffraction data were collected at the Advanced Photon Source, Industrial Macromolecular Crystallography Association Collaborative Access Team beamline 17BM using an Area Detector Systems Corporation Quantum 210 CCD detector. Details of the crystallization are provided in SI Methods and Table S1 .
LC-MS.
Compound (20 μM) and ATP (2 mM) in PBS were premixed and further incubated with Fluc (20 μM or varied), or PBS as no-enzyme control, for ∼10 min at room temperature. Selective ion monitoring of the PTC124/ analogs parent ion, the corresponding adduct, and the total ion current, was achieved on an Agilent 6130 Quadrupole MS detector. Additional information is in SI Methods.
Molecular Modeling. Fast Rigid Exhaustive Docking (FRED) (OpenEye Scientific Software) was performed on the para-and ortho-PTC124-AMP adducts using an X-ray crystal structure of luciferase with PTC124-AMP bound. Full details are given in SI Methods.
Thermal Shift Experiments. Using conditions described in SI Methods, data were recorded on a iQ5 Real Time PCR Detection system (Bio-Rad) using a temperature range from 20 to 95°C in increments of 1°C and a ramping rate of 0.1°C∕s. For more detail see SI Methods.
FLuc enzymatic assays to determine compound potency. Compound potency was determined using a defined buffer with 10 μM of each substrate (ATP and D-luciferin) as previously described (8) using 10 nM P. pyralis luciferase (EC 1.13.12.7). Coenzyme A (C3019; Sigma) and DL-cysteine (861677; Sigma) were added to the substrate reagent for specified experiments for final concentrations of 500 μM and 1 mM, respectively. Luminescence was detected using ViewLux (PerkinElmer). For more details, see SI Methods.
Cell-Based FLuc Nonsense Codon Suppression Assays. Grip-Tite 293 cells (Invitrogen) were transfected according to standard procedure (SI Methods) with a construct containing the reporter FLuc with a nonsense mutation at codon 190 (construct pFLuc190 UGA ; prepared by GenScript). In 1,536-well format, cells were seeded at 4; 000 cells∕well and compound was added 1 h after seeding. After 48 h, cells were washed three times with 1x PBS before detection mix was added to lyse cells and quantitate FLuc activity. Additional detail is provided in SI Methods.
Chemical Synthesis Procedures. PTC124 (1) and analogs were prepared by methods similar to those previously described (8) , and synthetic schemes and supporting analytical data are provided in SI Methods.
